ABSTRACT: A general procedure to design objects that are intrinsically invisible (without the necessity of an external cloak) has not been demonstrated so far. Here we propose a flexible method to design such self-cloaked objects by uncoupling the scattered waves from the incident radiation via judiciously manipulating the scattering potential of the object. We show that such a procedure is able to yield optical invisibility for any arbitrarily shaped object within any specified frequency bandwidth by simply employing isotropic nonmagnetic dielectric materials, without the usage of loss or gain material. The validity of the design principle has been verified by direct experimental observations of the spatial electric field profiles and scattering patterns at the microwave regime. Our self-cloaking strategy may have profound implications especially in noninvasive probing, cloaked sensor applications, and scattering-free non-Hermitian optics based systems.
The deflection of a light ray from a straight path, known as light scattering, is one of the most common interactions between light and matter. As light impinges on an irregularity in space (e.g., object, particles, interface between two different media), it will experience partial reflection and transmission. While such phenomenon is responsible for creating marvelous light events in everyday life, such as the iridescent colors of butterfly wings, it may be desirable to cancel it for some applications. The so-called invisibility cloaking effect is a recent thought-provoking discovery, where the optical properties of the background and the object are tailored such that the light propagation mimics that of the free space, and thus, the object is effectively invisible to an external observer. A major breakthrough in 2006, 1,2 now known as transformation optics, has been achieved in this direction by deriving the spatial refractive index variation from the associated coordinate transformations required for a specific wave operation. Typically, to enable a cloaking effect with such a procedure, the physical space has to be distorted so that the incoming wave is rerouted around the object that is to be cloaked. 3−5 In effect, the distortion of the isotropic space results in an anisotropic and inhomogeneous index profile. Hence, due to the experimental burden of such a profile, various simplification attempts have been made to mitigate the fabrication requirements, 6−9 which, however, inevitably result in scarifying of the ideal cloaking performance.
Apart from transformation optics based cloaking design procedures, a technique called scattering cancellation may also be employed to render a particular object invisible. In this technique, a properly designed cover layer results in wave scattering that effectively cancels the scattering of the object. 10 In this regard, for instance, plasmonic covers, 11 multilayered dielectric coatings, 12 and acoustic surface impedances 13 have been shown to significantly reduce the scattering effect of an object.
Another completely different method to suppress the backscattered waves 14 and provide invisibility 15 has been recently proposed by employing the well-known Kramers− Kronig relations to relate the real and imaginary parts of a complex dielectric susceptibility profile. As such structures are already invisible per se, they do not require any external cloak and are a promising tool especially for cloaked sensor applications. 16 However, these methods suffer from various drawbacks. First, as the susceptibility profile needs to be necessarily complex such that loss 14 or even gain 15 materials are required for a practical realization, which are often not easy to tailor in a bulk material. Second, the resultant susceptibility profile that is rendered invisible consists of an interface with infinitely extended tails rather than a specific object with a given shape and size. To form arbitrarily shaped self-cloaked objects, another study 17 suggested the usage of corrugated metallic wires. However, since the reported method relies on the resonant nature of the metallic wires, the self-cloaking effect has been demonstrated only for a narrow frequency bandwidth. Hence, broadband selfcloaked structures are yet to be elucidated and practically realized.
In this manuscript, we present a unique approach to achieve a self-cloaking effect (thus, not requiring any external cloak) for an arbitrary object within a specified frequency bandwidth and, in particular, propagation directions. We show how to obtain the required spatial index profile, which consists only of isotropic dielectric materials, that yields a scattering cancellation effect such that the object becomes cloaked, creating the illusion of restoring the original wavefront after leaving the object. We demonstrate this effect experimentally at the microwave regime by observing the spatial field profiles and by further investigating the frequency resolved scattering patterns.
■ DESIGN PRINCIPLE
The main idea of our proposal is based on the fact that the scattering behavior of a given object or, more generally, a spatial dielectric susceptibility distribution is associated with its spatial Fourier spectrum. We recently demonstrated and provided a generalized Hilbert transform on how this property can be exploited to tailor the scattering response of a given arbitrary object on a specific demand. 18 Here, to generate a cloaking effect and render a given object cloaked to the impinging electromagnetic radiation, all scatterings except in the incident direction should be canceled. Such a Fourier interpretation is briefly illustrated in Figure 1 . Figure  1a depicts the spatial refractive index distribution n(x,y) of a given arbitrary object, whereas Figure 1b representatively shows the associated scattering potential χ(kx, k y ), where k x and k y are the wavevectors along the x-and y-directions, respectively. Figure 1 . Scattering behavior of (a) a given object is determined by (b) its scattering potential and, thus, by a judicious inverse-design of the scattering potential one can eliminate undesired scattering directions (indicated by red dashed lines). For the cloaking effect all scattering directions except the incident direction are eliminated.
The scattering potential χ(k x , k y ) can be defined as the twodimensional spatial Fourier transform of the dielectric susceptibility χ(x,y) = n 2 (x,y) − 1. As mentioned above, to eliminate all backward and forward scattered waves at a specific frequency, the Fourier components along a constant wavevector circle centered at the corresponding operational wavevector should be eliminated. On the other hand, to cancel the scattered waves for a specific frequency interval, the wavevector area (yellow colored areas in Figure 1b ) between the corresponding two constant wavevector circles should be removed, as shown in Figure 1b . The removal of the particular regions in the scattering potential χ(kx, k y ), in wavevector domain, uncouples the incident wavevector from given scattering directions. This is performed by using the invisibility wavevector region as a reciprocal band stop filter to the scattering potential. Optionally, after zeroing the wavevector regions, it is also possible to incorporate additional constraints in order to avoid extreme material parameters (e.g., index below one, as in Supporting Information, Supplementary Note 9). This is done by setting all such extreme material parameters to the specified limit value, and repeating the reciprocal filtering and constraint incorporation procedures until the resulting scattering potential involves the designated filtered wavevector regions. Finally, by taking the inverse Fourier transform of the resulting scattering potential, one would obtain the desired selfcloaked susceptibility profile. Interesting to point out is that for a bidirectional cloaking effect, two symmetrically placed areas between constant wavevector circles should be removed. Since such a symmetry condition implies a purely real susceptibility when inverse Fourier transforming the scattering potential, the cloaked object would consist only of real refractive indices. In other words, no gain or loss materials would be required. Here, also important to note is that even though the presented method in Figure 1 relies on the Born approximation 14 (which requires very weak scattering and, hence, a low index contrast), we expect the operational principle to work also under large index differences. This is, in particular, due to fact that the spatial wavevector would not undergo a significant change when interacting with a scatterer that is designed to be cloaked (as the wave would propagate as in free space without any change in its spatial wavelength). Hence, the locations of the operational constant wavevector circles at the wavevector domain would remain almost constant and, in result, the Born approximation would be a good assumption even for scatterers with moderately large index contrasts, as will be demonstrated below.
■ EXPERIMENTAL ANALYSIS
To exemplify the proposed principle, we start with an object shaped in the letters "hν" whose refractive index profile n(x,y) and spatial dimensions are shown in Figure 2a . The scattering potential χ(k x , k y ) of such an object is given in Figure 2b , which has been calculated as the Fourier transform of its dielectric susceptibility. Here, for demonstration purposes, we specify the positions of the inner and outer constant wavevector circles as (k x , k y ) = (0, ±2.60) cm −1 and (0, ±3.10) cm −1 , respectively, whereas their radii are equal to 2.50 and 3.20 cm −1 , respectively, which result in a bidirectional cloaking effect in both the +y and the −y directions within the frequency interval of 10.5 and 12.9 GHz. The position and the wavevector circles have been determined so that the cloaking frequency interval and the material index range are within the ranges of our experimental equipment. Moreover, as opposed to Figure  1b , the wavevector region has a nonzero thickness at the center to efficiently eliminate the forward scattered waves. The field profile of the object has been numerically calculated via the finitedifference time-domain (FDTD) method 19 and given in Figure 2c , where the wavefront deformation can be clearly observed. By applying the above-mentioned procedure, the spatial index distribution, the scattering potential and the field profile would be obtained as in Figure 2d , e, and f, respectively. The field profile reveals the remarkable suppression of the scatterings and the nearperfect wavefront reconstruction. Important to note is that the index variation (and, hence, the index of the background) depends on the material to be used, similarly as in transformation optics based cloaking devices. 20 In the rest of this study, we have employed clear cast acrylic sheets to realize the original and cloaked objects to operate at the microwave regime. In this regard, the index variation presented in Figure 2 has been adjusted (by adding a constant index throughout the medium) to fit inside the index range realizable by perforated acrylic. Using such a material we have fabricated three structures: a reference structure consisting only of a background index (1.23), a structure with the original object (as in Figure 2a ) and a structure with the cloaked object (as in Figure 2d ). For a detailed description of the effective index calculation and the fabrication procedure see Supporting Information, Supplementary Note 1.
The experimental setup and the fabricated structures used to characterize the cloaking performance are shown in Figure 3a and b, respectively. As can be seen from Figure  3a , the experimental setup consists of a vector network analyzer (Agilent E5071C ENA), a motorized linear stage, a transmitter standard gain horn antenna, and a coaxial monopole antenna (for details of the measurement technique, please refer to the Supporting Information, Supplementary Note 2). The obtained spatial field distributions at the operational frequency 12.0 GHz are collectively given in Figure 4 for the +y and the −y directions, along with the corresponding numerical simulations. It follows from these figures that the original object ( Figure  4b ,e,h,k) causes light scattering and wave deformation, whereas the field propagation along the designed cloaked object (Figure 4c ,f,i,l) mimics well that of the reference structures (Figure 4a,d,g,j) . We should note that the cloaking performance is not perfect, which we mainly attribute to the discretization of the continuous index distribution. Moreover, another point worth mentioning is that the presented design principle assumes an incident wavevector in the +y or the −y direction, while the transmitter horn antenna radiates electromagnetic waves with spherical wavefronts. This might seem incongruous at first, however one should notice that the extended area of the filtered wavevector region (see Figure 2d ) may also enable invisibility for grazing incidence angles. The reason for this is that, in the case of positioning, the constant wavevector circle at the regarding operational frequency with a grazing angle offset, the constant wavevector circle would still overlap with the filtered wavevector region, and thus, the scattered waves would be eliminated. We may attribute the slight discrepancy between numerical and experimental results in Figure 4 to the coupling effect of the receiver antenna's metallic tip with the electromagnetic field along the structure. Such a coupling effect potentially distorts the field measurement especially when the detector is close to the structure. Besides, the evanescent tails of the propagating mode inside the structure decrease for a higher refractive index. Hence, in comparably higher refractive index regions the experimentally detected field amplitude is lower. This is especially noticeable around the center region (where the object is placed), see Figure 4 , where the detected field amplitude is comparably lower precisely due to the high refractive index of the object. Furthermore, the field distributions for the +x and −x directions, for which the object does not exhibit invisibility, have also been measured and provided in Figure S2 (Supplementary Note 3) . In addition, measured field distributions at the operational To quantitatively compare the spectrally resolved scattering pattern of the original and the cloaked object, the electric field has been measured rotationally around all three structures with a distance of 135.0 mm with respect to the center of the structures (as indicated by green dashed lines in Figure 3a ). To account only for the scattered waves induced by the object, the scattering caused by the diffraction effect of the finite slab structure should be excluded. For this, the scattered electric field values of the reference structure has been subtracted from that of the cloaked and original structures and the absolute values of the differences were taken. Furthermore, the results were normalized by the field spectra obtained without the structures. Figure 5a and b show the obtained scattering plots for the original and the cloaked objects, respectively; for wave Figure 5 . Measured angular scattered field (Es) amplitude distributions for the (a) original object and (b) the modified cloaked object. Wave propagation is in the +y direction. The scattering angle is always in the same x−y plane and is defined with respect to the vertical y-axis in clockwise direction. The dashed black lines indicate the frequency range for which the object is designed to be cloaked. Similar scattering plots for other incidence directions are provided in Figure S5 (Supplementary Note 4) .
propagation in the +y direction. It can be inferred from these figures that the scattered amplitude decreases substantially in the designed cloaking frequency interval (indicated by black dashed lines) for the cloaked object, as expected. It further follows from these figures that the scattering is not perfectly diminished, which we attribute to the fabrication disorders and to the coupling effect of the receiver antenna with the scattered field. One interesting fact to notice is that for frequencies lower than the designed cloaking frequency interval, the scattered amplitude remains also near zero. We attribute this observation to the fact that the forwardscattering Fourier components along constant wavevector circles, corresponding to lower frequencies, are already included in the filtered wavevector region. In other words, as these constant wavevector circles have a smaller radii, the tangential overlap at the forwardscattering Fourier region between them and the filtered region becomes larger, as compared to high-frequency constant wavevector circles. In particular, this makes our proposed method distinct from previously demonstrated cloaking procedures, where the cloaking performance is rapidly degraded away from the central frequency or even drastically enhanced scatterings are observed in nearby regions of the operational bandwidth. 21 Similar scattering plots for other propagation directions have been prepared in Figure S5 (Supplementary Note 4) , where an analogous scattering suppression can be observed for wave propagation in the opposite (−y) direction. Furthermore, to allow also for an experimental observation of the phase-front response, a broadband scanning of the electric field was performed at the back face of the structures. The experimental setup and the results of these measurements are provided in Figures S6 and S7, respectively (Supplementary Note 5), where one can similarly observe the scattering suppressions and wavefront reconstructions in the designated frequency range. Figure 6 . (a) From top to down: spatial permittivity profile of the cloaked object; spatial permittivity profile of the original object; the difference of the spatial permittivity profiles inside the object region of the cloaked (ε′) and original (ε) structure. (b) The mean value of the permittivity profile inside the object region of the cloaked structure (ε′) is shown. The initial permittivity of the object equals to 2. The object scale parameter has been defined with respect to the original size presented in (a). The "error" bars represent the standard deviation from the mean permittivity values. (c) The mean value of the permittivity perturbation ε−ε′, (d) the mean value of ε′, and (e) the standard deviation of ε′ is given with respect to the initial permittivity and object size. The mean values and standard deviations have been calculated spatially along the permittivity profiles inside the object region. In all cases, the procedure is applied to induce a self-cloaking effect in the operational bandwidth of 10.5−12.9 GHz.
REQUIRED INDEX PERTURBATION FOR SELF-CLOAKING
Finally, we would like to address the level of index perturbation in response to applying the proposed procedure. Although the proposal is ideally suited for designing selfcloaked objects, rather than designing a cloak to an existing object, it would be elucidative to analyze the amount of permittivity deviation along the object from the initial reference value. In this regard, Figure 6a shows the permittivity profiles of the cloaked and original structure, and the permittivity perturbation occurring along the object region. Figure 6b shows the spatial mean values of the permittivity inside the cloaked object region, where the initial permittivity of the cloaked object corresponds to 2. Furthermore, while Figure 6c presents the mean value of the permittivity distribution, Figure 6d and e show the mean values and the standard deviations of the permittivity along the cloaked object region, respectively. It follows from these figures that the permittivity perturbation along the object region increases with the initial permittivity and object size. Moreover, one can deduce that, with increasing object size and permittivity, the mean value of the permittivity along the object region deviates from the initial permittivity value, while the standard deviation from the mean value increases. Specifically, we see that, especially for large objects, the permittivity deviation from the initial value becomes significant. However, we should note that for most photonic applications the size of the object is on the order of the operational wavelength. Since in such typical photonic structures the required index deviation from the initial value is not typically high, the resulting structure can be experimentally realized with a single material having varying local filling ratios (as shown in the previous section). Nevertheless, for larger objects the proposed concept can be implemented with a set of multiple materials. Moreover, we should note that although the resulting mean permittivity values are typically lower than the initial reference value, the resulting permittivity value can be scaled to around its initial reference value. Since, the reciprocal domain would not be distorted through multiplication or addition of a constant value, the scaled permittivity profiles would still be inherently cloaked.
■ CONCLUSIONS
In this manuscript, we have provided a general description on how to achieve a self-cloaking effect for a given object with arbitrary shape and dimensions by merely using isotropic dielectric materials. We demonstrated the feasibility of the proposed method by experimental analyses conducted at the microwave regime. Since the proposed method is independent from spatial dimensions, the same procedure can be applied to realize the proposed invisibilitybased cloaking effect at the micro-or nanoscale (see Supplementary Note 6), as such fabrication methods are already matured owing to the extensive research effort in the field of transformation optics. 22, 23 Moreover, in principle, the self-cloaking effect can be also extended to operate under broad-angle incidence (or even omnidirectionally, as shown in Supplementary Note 7) , if the scattered waves are also eliminated for such a broad incidence angle range. We note that the design principle is still valid in the presence of material absorption (see Supplementary Note 8) and for higher refractive index contrasts (see Supplementary Note 9). Finally, as demonstrated in Supplementary Note 10, we would like to highlight the fact that the proposed method can be also used to induce a unidirectional cloaking effect by straightforwardly extending the idea to complex nonHermitian profiles. 24 The presented work provides a new perspective in the field of optical cloaking, and may be especially valuable for "sensor cloaking" 16 applications and non-Hermitian optics based systems.
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